sequently added by Furchgott and Zawadzki 2 to the list of mediators that regulate vascular reactivity.
In the last 2 years it has been demonstrated that EDRF is nitric oxide 3 and that its biosynthetic precursor is L-arginine. 4 These discoveries have not only revealed the existence of an endogenous nitrovasodilator implicated in the regulation of vascular tone, but also identified its enzymatic generation through a pathway amenable to biochemical and pharmacological manipulation. 5 The relevance of these findings to the understanding of the physiology or pathophysioiogy of the vessel wall as well as their possible therapeutic implications will be discussed in this review.
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Endothelium-dependent relaxation, which has been demonstrated in many vascular preparations including some veins, arteries, and microvessels, is induced by a variety of substances, including ACh, adenine nucleotides, thrombin, substance P, the calcium ionophore A23187, and bradykinin (for a review, see Reference 6) . Other stimuli, such as hypoxia, increase in flow rate, and electrical stimulation, also induce endothelium-dependent relaxation of vascular tissue in vitro (for a review, see Reference 7) . Species differences and differences between vascular preparations in the endothelium dependence of the vasodilator action of some agents have also been identified. 8 Some agents, however, including the nitrovasodilators, atrial natriuretic factor, bovine retractor-penis inhibitory factor, /3-adrenergic agonists, and prostacyclin, induce vascular relaxation by endothelium-independent mechanisms (for a review, see Reference 9) .
The humoral nature of EDRF has been demonstrated in a variety of bioassay experiments using organ bath and superfusion techniques (see Reference 10). In one of these systems, vascular endothelial cells were cultured on microcarriers, packed in the barrel of a syringe, and perfused. The perfusate was used to superfuse a ring of canine coronary artery denuded of endothelium. 11 We developed a similar method, which included the packing of the cells in a modified jacketed chromatographic column and the use of the effluent to superfuse a series of strips of vascular tissue denuded of endothelium. 12 This method is now widely accepted as the most appropriate way of studying EDRF, for it has several advantages: 1) It separates the donor (endothelial cells) from the detector system (superfused aortic strips); 2) it gives an instant record of the breakdown of EDRF; 3) it permits the study of the action of physical or chemical intervention on the generation, stability, and action of EDRF; 4) it allows the collection of the column effluent for biochemical or chemical analysis; and 5) this system can easily be modified to study the simultaneous release of EDRF and prostacyclin.
EDRF is also an inhibitor of platelet aggregation. 13 In our experiments EDRF was equally effective in inhibiting human platelet aggregation induced by different agonists. 14 EDRF also induces disaggregation of platelets aggregated with collagen or with the thromboxane mimetic U-46619 15 and inhibits platelet adhesion to vascular endothelial cells, 16 collagen fibrils, and endothelial cell matrix. 17 A rise in smooth muscle or platelet cyclic guanosine 3',5'-monophosphate (cGMP), consequent to stimulation of the soluble guanylate cyclase, is associated with endothelium-dependent relaxation, EDRF-induced vascular relaxation, and inhibition of platelet aggregation. 18 29 who, after observing that bleeding of the patient was beneficial in the relief of pain, concluded that a substance that reduced the arterial blood pressure should have the same effect. He observed that "On pouring from five to ten drops of the nitrite on a cloth and giving it to the patient to inhale, the physiological action took place in from thirty to sixty seconds; and simultaneously with the flushing of the face the pain completely disappeared, and generally did not return till its wonted time next night." shortly after Balard's synthesis of amyl nitrite but was only tested in the treatment of angina pectoris in 1879. Murrell, while describing what was a study on comparative clinical pharmacology, stated, "From a consideration of the physiological action of the drug, and more especially from the similarity existing between its general action and that of nitrite of amyl, I concluded that it would probably prove of service in the treatment of angina pectoris, and I am happy to say that this anticipation has been realised." 31 The use of this class of compound for the treatment of hypertension also goes back a hundred years. Nitrates in general are still widely used in a number of conditions, including angina pectoris, congestive heart failure, blood pressure control during hypertensive emergencies, pulmonary hypertension, fibrinolytic therapy, percutaneous coronary angioplasty, and complications after cardiac catheterization (for a review, see Reference 32).
For many years it was believed that the vasodilator action of GTN was due to its conversion in the circulation to NO 2 ", which, in contrast to NO 3 38 Although this work does not provide evidence for such a process in the intact cell, the results strongly indicate that NO generation is the essential feature of the mechanism of action of nitrovasodilators.
The Two Tales Come Together
Widespread speculation about the chemical nature of EDRF developed soon after its discovery (see References 39, 40). In 1986, however, Furchgott 41 and Ignarro et al. 42 independently suggested that EDRF may be NO or a closely related compound. We decided to investigate whether EDRF was indeed NO by comparing the pharmacological profile of EDRF and authentic NO on vascular strips 43 and on platelets 14 and by measuring directly the release of NO from porcine aortic endothelial cells in culture. 3 Both EDRF and NO caused a relaxation of the vascular strips that declined at the same rate during passage down the bioassay cascade. Furthermore, the rate of decay during transit in polypropylene tubes was slower, but similar, for both compounds. Both compounds also inhibited platelet aggregation, 14 induced the disaggregation of aggregated platelets, 15 and inhibited platelet adhesion. 17 Moreover, their biological half-life as inhibitors of platelet aggregation was similar. 14 The actions of EDRF and NO on vascular strips and on platelets were similarly potentiated by superoxide dismutase and cytochrome c and inhibited by Fe 2+ and some redox compounds. 14 - 43 Furthermore, the potency of redox compounds as inhibitors of EDRF-induced and NO-induced vascular relaxation was attenuated by superoxide dismutase to a similar extent. Ignarro et al. 44 have recently published data in agreement with these results. Hemoglobin also inhibited the effect of EDRF and NO through a mechanism not involving O 2~. Finally, both compounds act on vascular smooth muscle and platelets through the stimulation of soluble guanylate cyclase and elevation of cGMP.
NO may be measured directly as the chemiluminescent product of its reaction with ozone.
3 Using this method we have shown that the concentrations of bradykinin that induce the release of EDRF from endothelial cells in culture also cause a concentrationdependent release of NO. Moreover, the amounts of NO released by the cells are sufficient to account both for the relaxations of vascular strips and for the antiaggregating and antiadhesive activity of EDRF.
3 -13 - 17 We have also observed that the vascular relaxing activity released from fresh, perfused arteries of the rabbit by a number of agents, including ACh, substance P, and the calcium ionophore A23187, is accounted for by the amounts of NO released (unpublished observation, 1987) .
Whether NO is released as such, or as an unstable precursor, has not been established. The comparative pharmacology of NO and EDRF, especially the studies on the stability of EDRF, argue against the latter possibility unless the lifetime of the intermediate is in the order of fractions of a second rather than seconds.
All this pharmacological and biochemical evidence clearly demonstrates that EDRF is NO (Table  1) and that it fulfills all the criteria necessary to be classified as a biological mediator. 46 It is remarkable that in 1987, 120 years after the first clinical use of the organic nitrates, we saw the clarification of the mechanism of action of this group of compounds and the identification of the endogenous mediator that they imitate.
NO is a highly unstable substance that is rapidly converted to NO 2~ and NO 3 " in oxygenated solutions. Furthermore, hemoglobin has a greater affinity for NO than for O 2 . Thus, NO may act only as a result of direct transfer from cell to cell, the membranes of which it crosses rapidly. NO may therefore be a local hormone in the absolute sense, never circulating, nor even reaching the extracellular space under normal circumstances.
Endothelium-dependent relaxation in perfused vascular beds in vitro has been reported in several preparations, yet there are no reports of the release of EDRF or NO from these preparations. We have studied the release of NO from isolated segments of rabbit aorta (unpublished observations, 1987) and from the rabbit perfused heart. 47 We have found that, while stimulation with ACh leads to the release of NO into the perfusate of a segment of rabbit aorta (unpublished observations, 1987), no biological activity can be detected in the cardiac effluent. 47 Nitrite, however, which is devoid of biological activity at low concentrations, is released into the effluent of the heart, suggesting that NO is released by ACh but that it is rapidly oxidized, presumably in the mirocirculation.
All this evidence demonstrating that EDRF is NO does not, however, exclude the possibility that mechanisms other than the release of NO play a role in endothelium-dependent vascular relaxation. Their existence would not be surprising, since mechanisms subserving a biological function are usually multiple. Hyperpolarization of smooth muscle 48 or direct cell to cell communication 49 should be thoroughly investigated to establish their relevance in the regulation of vascular smooth muscle tone. 
Biosynthesis of Nitric Oxide
Where does NO come from? This has been one of the most intriguing questions arising from the discovery of its release from endothelial cells.
We have recently demonstrated that endothelial cells in culture synthesize NO from the terminal guanido nitrogen atom(s) of the amino acid Larginine. 4 This reaction is specific, for other close analogues of L-arginine, including its D-isomer, are not substrates. Furthermore, one of them, L-N°-monomethyl arginine, inhibits this process in endothelial cells. 5 We have also demonstrated that Larginine produces a small but significant endothelium-dependent relaxation in vascular rings. In contrast, L-N G -monomethyl arginine produces a small endothelium-dependent contraction, and each compound inhibits the actions of the other. 5 Most strikingly, L-N°-monomethyl arginine inhibits relaxation induced by endothelium-dependent vasodilators, and this effect is reversed by L-arginine. These data suggest that there is a specific enzymic route to NO that may be amenable to pharmacological and biochemical manipulation. Further work will elucidate the consequences of such manipulation in vivo.
Interactions of Nitric Oxide with Prostacyclin
Prostacyclin and NO synergize with each other as inhibitors of platelet aggregation and inducers of platelet disaggregation. 13 As a result, we have suggested that the very low concentrations of prostacyclin found in plasma may have a physiological effect in regulating platelet aggregability if it is acting on a background of NO release. 10 Interestingly, NO differs from prostacyclin in that it is also an effective inhibitor of platelet adhesion. The fact that we did not observe a synergistic interaction between these two compounds on platelet adhesion 17 suggests that the physiological process of platelet adhesion and repair of the vessel wall may proceed under circumstances in which both substances, acting in concert, are exerting a powerful antithrombotic action.
The subcellular mechanisms underlying the actions of NO and prostacyclin are the cGMP and the cyclic adenosine 3',5'-monophosphate (cAMP) systems, respectively. It is interesting that in some situations, such as inhibition of platelet aggregation and induction of disaggregation, there is a synergy between the two, while in others, such as inhibition of platelet adhesion, there may even be some antagonism. 17 The precise interaction of both systems in the control of vascular tone remains to be studied. Results obtained in our laboratory have not shown synergy between NO and prostacyclin as vasodilators in the rabbit mesenteric artery strip or the arterioles of the hamster cheek pouch (unpublished observations, 1987).
Physiological, Pathological, and
Clinical Implications There is circumstantial evidence indicating that endothelium-dependent vasodilatation occurs in vivo.
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The alterations in vessel diameter that follow changes in blood flow are endothelium-dependent, 50 ' 51 and it has been suggested that endothelium-dependent relaxation coordinates increased flow responses through vascular beds. 52 Treatment with methylene blue 53 and endothelial damage with a laser 54 or a balloon catheter 55 abolish the response to vasodilators in vivo without affecting the response to sodium nitroprusside.
Morphological and biochemical changes occur in blood vessels during hypertension (for a review, see Reference 56) . Whether alterations in the availability of L-arginine, in the synthesis of NO, or in the sensitivity to its vasodilator action contribute to the development of hypertension should be investigated.
A link between endogenous NO 2~ and hypertension was suspected many years ago as a result of interest in the mechanism of action of nitrovasodilators. Measurements of NO 2~ in blood revealed concentrations of 10 /xg/dl. However, there was no correlation between blood NO 2~ levels and blood pressure, although a marked reduction in NO 2 " levels was observed in older subjects. 57 Decreased endothelium-dependent relaxation in vessels from hypertensive animals has been reported by some workers. 58 -59 Interestingly, the impaired endothelium-dependent responses of aortic tissue from hypertensive rats 60 -61 as well as the accompanying reduced levels of cGMP 61 were reversed by restoring the blood pressure to normal. Other workers, however, have reported no change 62 or an increase 63 in endothelium-dependent relaxation in arteries from hypertensive animals. All these experiments are not strictly comparable, since different vascular preparations from different species stimulated with different agonists were used. Thus, there is a need for a systematic study of endotheliumdependent vasodilators in hypertension.
A reduction in the release of EDRF from the vascular endothelium or a decrease in the endothelium-dependent relaxation has been demonstrated in vascular tissue obtained from rabbits made atherosclerotic 64 -66 and in human atherosclerotic coronary arteries. 67 Endothelial damage also induces an increase in basal tone and enhanced responses to vasoconstrictor substances in the coronary arteries of the atherosclerotic miniature swine. 68 The reasons for these changes need to be elucidated; however, it is tempting to suggest that they may be related to the generation of O 2~ released by monocytes that accumulate during the atherosclerotic process. In this context, it is interesting that the enzyme that generates prostacyclin is inhibited by lipid peroxides 6 and that oxygen-derived radicals and lipid peroxides have long been suspected to play a role in the development of atherosclerosis.
There is ample evidence showing that hemoglobin inhibits endothelium-dependent relaxation in different preparations. Hemoglobin also produces vasoconstriction in some of these preparations, 69 -71 suggesting an effect on the basal release of NO.
However, part of this effect may be due to direct vasoconstriction, since methemoglobin, which has a lower affinity for NO than does hemoglobin, also induces vasoconstriction, at least in the isolated rabbit heart. 71 Inhibition of NO by hemoglobin could play a role in the vasospasm that follows subarachnoid hemorrhage, which has long been suspected to be mediated by some product of lysed red blood cells. 72 A recent study on the canine basilar artery in vitro shows that endothelium-dependent relaxation induced by A23187 is inhibited by hemoglobin and by cerebrospinal fluid obtained from patients with subarachnoid hemorrhage. 73 Since NO is also an inhibitor of platelet activation, impairment of its formation in the vessel wall will not only predispose to vasoconstriction but also favor platelet adhesion, aggregation, and the consequent release of vasoconstrictor substances that will exacerbate the tendency to vasospasm. In this context, platelet products released during aggregation in vitro contract deendothelialized canine coronary artery rings whereas they induce relaxation when the endothelium is present. 74 A potent vasoconstrictor peptide, endothelin, 75 has been shown to be released by endothelial cells in response to various chemical and physical stimuli. Whether endothelin is released with prostacyclin and NO or whether during pathological situations there is a shift from prostacyclin and NO to the release of endothelin or other vasoconstrictor factors) remains to be studied.
Conclusions and Perspectives
The discovery that NO is the endogenous nitrovasodilator and that synthetic nitrovasodilators act by releasing NO, to mimic the natural mediator, has important implications. Although organic nitrates have long been used clinically as vasodilators, their effect on other systems, notably platelets, either has not been understood or has been neglected, probably because GTN is almost inactive in platelets whereas sodium nitroprusside does inhibit aggregation. The present evidence suggests that only those nitrovasodilators that spontaneously release NO inhibit platelet aggregation, indicating that platelets lack the mechanisms required for the uptake or conversion (or both) of organic nitrates to NO.
Tolerance to GTN was originally observed in the late 19th century among workers handling this compound in munitions factories. 76 The biochemical mechanism underlying this tolerance is thought to be the depletion in the cell of thiols responsible for the conversion of GTN to NO, since compounds such as sodium nitroprusside or the molsidomine metabolite SIN-1, which generate NO spontaneously, do not exhibit the same degree of tolerance, at least in vitro. 77 Not all the data, however, agree with these results, and cross tolerance has been demonstrated not only between nitrovasodilators but also to endothelium-dependent vasodilatation.
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The release of NO has been suggested to occur predominantly at the abluminal surface of the endothelial cell. 79 The characteristics of this release, as well as the precise way in which NO is transferred and later metabolized in the vascular smooth muscle, platelets, or other cells, needs to be studied.
The interactions between NO and other vasoactive substances such as prostacyclin, which acts by stimulating adenylate cyclase, and atrial natriuretic factor, which stimulates the paniculate form of the guanylate cyclase, will be interesting to study, as will be its interactions with vasoconstrictor factors such as endothelin. All these vasoactive substances are generated or metabolized through pathways that are becoming clearly defined. Moreover, they act on receptors that in the future will be adequately classified. As a result of this, it is highly likely that new drugs that promote or interfere with these interactions will be developed.
Whether NO has other actions, such as modulating the behavior of leukocytes or controlling the replication of smooth muscle cells, is not known. A cytoprotective mechanism in platelets, similar to that of prostacyclin, has already been reported. 80 NO could act as a cytoprotective agent either through an effect on cGMP, leading to intracellular calcium sequestration, 81 or through its ability to react with and inactivate oxygen-derived radicals. 82 Activated macrophages produce NO 2 " and NO 3~. 83 This production, which probably proceeds through the formation of NO, contributes to their cytotoxic capacity. 84 Furthermore, neutrophils have recently been shown to produce EDRF, 85 and this EDRF is probably NO. Since macrophages and endothelial cells generate NO from the terminal guanido nitrogen atom(s) of L-argmine, 4 -M this amino acid probably is also the precursor for NO generation in neutrophils. Thus, the biological consequences of pharmacological or biochemical manipulation of the pathway leading to NO generation are likely to be many and varied, both within and beyond the cardiovascular system.
The unraveling of the release of NO by the vascular endothelium, its interactions with prostacyclin, and their role as regulators of vascular tone and of platelet-vessel wall or leukocyte-vessel wall interactions is increasing our understanding of the physiology and pathophysiology of the cardiovascular system and will therefore enhance the possibilities of preventing and treating cardiovascular disease. 
